High-quality single-crystal silicon nanolines (SiNLs) with 24 nm line width and a height/width aspect ratio of 15 were fabricated. The mechanical properties of the SiNLs were characterized by nanoindentation tests with an atomic force microscope (AFM). The indentation load-displacement curves showed an instability with large displacement bursts at a critical load ranging from 9 µN to 30 µN. This phenomenon was attributed to a transition of the buckling mode of the SiNLs under indentation, ¶
which occurred preceeding the final fracture of the nanolines. The mechanics of SiNLs under indentation was analyzed by finite element simulations, which revealed two different buckling modes depending on the contact friction at the nanoscale. a) Electronic mail: paulho@mail.utexas.edu
I. INTRODUCTION
Silicon nanostructures are essential building blocks for nanoelectronic devices and nano-electromechanical systems (NEMS). [1] [2] [3] [4] Mechanical characterization at nanoscales is important for practical applications but remains challenging as the mechanical properties such as yield strength, fracture strength, contact and friction properties, are often different at the nanoscale from their bulk properties. In this work, single-crystal silicon nanolines (SiNLs) were characterized by nanoindentation tests using an atomic force microscope (AFM).
Various processes have been developed for fabrication of silicon nanostructures. [5] [6] [7] [8] [9] [10] [11] [12] By combining electron-beam lithography (EBL) and anisotropic wet etching (AWE), a top-down fabrication process was developed to obtain singlecrystal, parallel SiNLs on a silicon (110) wafer. [5] Under indentation, the singlecrystal SiNLs showed mechanical properties that are distinctly different from those of bulk silicon. In a previous study of SiNLs with a line width of 74 nm and an aspect ratio of 6.9, the load-displacement curves from the indentation tests showed an instability with large displacement bursts at a critical load ranging from 480 µN to 700 µN. [5] This phenomenon was attributed to a transition of the buckling mode of the SiNLs under indentation, which occurred preceeding the final fracture of the nanolines. In our earlier work, the onset of buckling instability and the mode transition were found to depend on the friction at the contact between the indenter tip and the SiNLs as well as the relative tip location and the aspect ratio of the SiNLs . [13] However, due to the close spacing of the SiNLs, we were not able to control the tip location precisely with respect to any particular nanoline, and consequently the contact friction was not quantified. The present study improves the fabrication process to yield SiNLs with narrower line widths and wider line spacing to allow precise positioning of the indenter. The unique configuration and structural perfection of the single-crystal SiNLs made it possible to quantitatively investigate the buckling phenomenon and contact friction at the nanoscale.
II. FABRICATION OF SILICON NANOLINES
A low-pressure chemical vapor deposition (LPCVD) process was used to grow ∼20 nm thick oxide on a Si (110) wafer. E-beam evaporation was then employed to deposit a ∼15 nm thick Cr layer over the oxide. Patterns of parallel
SiNLs were formed with an e-beam exposure system operating at 50 KV on a spin coated e-beam resist of thickness ∼130 nm. Pattern transfer from the resist to the Cr layer was performed by a Cl 2 and O 2 plasma at a pressure of 80 x 10 -3 Pa and RFpower of 75 W for 2 min. The exposed oxide layer was etched in a CHF 3 and O 2 plasma down to the (110) silicon surface using the Cr lines as the etching mask.
Subsequently, the residual resist was removed in a Piranha solution, and TMAH heated to 80°C was used to etch silicon along the (111) planes of silicon. Finally, the Cr and oxide layers were removed by Transene Chromium Etching Solution 1020
and buffered oxide-etching solution, respectively.
The high-resolution EBL method is capable of producing patterns with feature dimensions less than 20 nm. Combining with high-quality pattern transfer by AWE, the process yielded SiNLs with straight and nearly atomically flat sidewalls without defects induced by reactive ion or plasma etching. In this study, SiNLs with line widths as small as 24 nm and a height-to-width aspect ratio exceeding 15 have been fabricated. Fig. 1 shows two SEM images of one set of the fabricated SiNLs.
The line width and the height of these SiNLs were about 24 nm and 380 nm, respectively. The trench width was 366 nm, and the line length was about 30 μm.
These SiNLs have smooth sidewalls, almost perfectly rectangular cross sections, and a highly uniform line width. The line-width and spacing of the SiNLs was chosen to allow the indenter tip to be precisely positioned at the center of the trench between adjacent lines to allow quantification of the contact configuration and friction.
III. NANOINDENTATION TESTS
An AFM based nanoindentation system (a Triboscope system from Hysitron, Inc.) 1 was employed to measure the mechanical properties of the SiNLs, using a conically shaped indenter with the tip radius around 3.5 μm. Before each indentation test, the indenter tip was placed directly above a 30 μm by 30 μm grating area patterned with an array of parallel nanolines. For a better control over the indentation position, the indenter was manipulated to position precisely on top of a pattern trench center, guided by an AFM image of the SiNLs using the same conical indenter in the image-scanning mode. Subsequently, the indenter was slowly brought into contact with the SiNLs, and load-controlled indentation tests were performed with a dwell time of 1 second at the peak of a trapezoidal loading profile. Figure 2 shows two sets of force-displacement curves obtained from the nanoindentation tests. Similar to the indentation response of the 74 nm wide SiNLs reported in our previous work, [5] a large displacement burst was observed at a critical indentation load, which was attributed to buckling instability of the SiNLs.
However, two distinct deformation modes were observed from the present data for the high-aspect-ratio 24 nm SiNLs, termed as mode A (Fig. 2a ) and mode B (Fig.   2b) , respectively. As shown in Fig. 2a for the deformation mode A, the critical load for the displacement burst ranged from 9 μN to 17 μN. Beyond the critical load, stair-like increases of the indentation load were observed and the displacement went up to ∼220 nm under a ∼70 μN force. For the deformation mode B (Fig. 2b) , however, the critical loads are noticeably higher, ranging from 24 μN to 30 μN. On the other hand, the displacement under the same 70 μN force was only ~80 nm, much smaller than that in mode A. It appears that the SiNLs in mode B had a much higher indentation stiffness than those in mode A, although the indentation loaddisplacement curves before the critical load were essentially identical. Since the indentation tests were performed on the same array of SiNLs at different locations, the two different deformation modes were most likely due to the variation of local contact properties as a result of surface irregularities of the spherical tip and SiNLs.
Our previous study on the 74 nm SiNLs suggested that, even for the same buckling mode, the critical load depends on the local contact friction between the indenter and the SiNLs. [5, 13] It is found from the present study that, for the high-aspect-ratio 24 nm SiNLs, variation in the local friction property can lead to two drastically different buckling modes (see Fig. 3 ).
Owing to their narrow linewidth and high aspect ratio, the critical indentation loads for the 24 nm SiNLs are much lower than those of the 74 nm lines reported in the previous work. [5] On the other hand, the maximum indentation displacement for the 24 nm SiNLs was larger, up to 220 nm. This displacement is about 58% of the line height. Remarkably, as shown in both Fig. 2a and Fig. 2b , the significant displacements appeared to be fully elastic, with no residual deformation observed after withdrawal of the indenter for multiple experiments. Furthermore, the unloading paths in each set of the indentation tests coincided well with each other, indicating a good repeatability in the experiments. As will be shown later, the large recoverable deformation of the SiNLs was a result of significant bending as the vertically aligned nanolines buckled elastically under indentation.
IV. MODELING AND DISCUSSIONS
A finite element model (FEM) was developed to simulate the indentation tests. The model was similar to that described in our previous work. [5, 13] Since the indenter was located precisely on the trench center in the indentation tests, the relative tip location was fixed in the model, while the friction coefficient at the contact between the indenter surface and the SiNLs was varied. A simple Coulomb friction model was adopted to study the effect of the frictional contact. The indenter was modeled as a rigid body with a spherical surface of radius 3.5 μm. In each simulation, a vertical displacement was applied to a reference node of the indenter, and the indentation force was determined from the reaction force at the reference node. Since the indentation deformation was typically localized within a region much smaller than the area of the SiNL gratings, the boundary conditions at the ends of the nanolines have negligible effect as long as the tip of the indenter was located more than about 5 μm away from the boundaries. In the model, the line length was set to be 6 μm, which was deemed sufficient to simulate the local deformation of the long lines. The elastic properties of bulk silicon were used for the SiNLs, which was justified by the close agreement in the load-displacement curves (up to the critical load) between the modeling results and the measurements. The agreement also suggested that the elastic properties of Si effectively remain size-independent with the line width to 24 nm. Test 2 (∼ 270 nm) was smaller than that of Test 1 (∼ 320 nm), it is interesting to note that the SiNLs in Test 2 were crushed into a large number of small fragments (Fig.   7c ), while in Test 1 much less fragments were observed (Fig. 7b) . It is thus conceived that the different buckling modes of the SiNLs as shown in Fig. 3 lead to different fracture behavior. For the first buckling mode (Fig. 3a) , the maximum tensile stress occurs at the root of the two innermost SiNLs. As the maximum tensile stress reaches the fracture strength, cracks nucleate and propagate, resulting in relatively large fragments. For the second buckling mode (Fig. 3b) , the maximum tensile stress could occur at multiple locations, as indicted by the arrows.
Consequently, nucleation of multiple cracks may occur simultaneously and lead to a large number of small fragments. Therefore, the friction property at the contact not only determines the buckling mode (thus the critical load and the displacement burst) but also leads to different fracture behaviors of the SiNLs.
Comparing the force-displacement curves in Fig. 2a to Test 1 in Fig. 6a , it is conjectured that fracture of the SiNLs occurred at a critical indentation displacement between 220 nm and 250 nm, under the deformation mode A. The critical strain to fracture is thus estimated to be 7.5-9.7%, based on the maximum principal strain in the SiNLs calculated from the FEM simulations under the same indentation displacements. The deformation of the SiNLs under an indentation displacement of 220 nm is shown in Fig. 3a . We note that the estimated strain to failure is much higher than that for bulk silicon (∼1%), [14] but similar fracture strains have been reported for micron to nanoscale Si beams and nanowires. [5, 15, 16] More systematic experimental data are needed for statistical analysis of the fracture phenomena to further understand the scale effect on fracture of silicon.
VI. CONCLUSIONS
The present study demonstrated a top-down process combining EBL and AWE techniques to fabricate high-quality SiNLs with the line width as small as 24 nm and the height-to-width aspect ratio above 15. SiNLs fabricated by the present approach without reactive-ion or plasma-etching-induced damage in the pattern transfer process had nearly atomically smooth sidewalls, perfectly rectangular cross sections, and a highly uniform line width. The nanoindentation technique along with FEM simulations was used to quantitatively characterize the buckling and contact friction of the SiNLs. The geometry and the dimension of the SiNLs enabled us to precisely position the indentor tip at the trench center between two adjacent lines so that the contact configuration and friction can be quantified. The friction at the contact between the tip of the indenter and the SiNLs was found to play a critical role in determining the buckling modes and fracture mechanisms of the SiNLs.
Friction coefficients in the range of 0.02~0.05 were deduced from the present study at the nanoscale. These are much smaller than those reported at larger scales (> 0.1). [17, 18] This interesting result of the scaling effect on friction may be due to highly localized nature of the nanoscale contact and shall be further investigated.
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APPENDIX: Estimation of the critical friction coefficient
As shown schematically in Fig. 8 , the contact forces acting on the nanoline include a normal force N and a friction force f. By the Coulomb friction model, the friction force is proportional to the normal force, i.e., f = μN, where μ is the friction coefficient at the contact. The normal force has a horizontal component that pushes the nanoline to slide away from the tip, while the horizontal component of the friction force opposes sliding. The competition defines a critical condition when the two horizontal components are balanced, i.e., N sinα = f cosα, where α is the contact angle between the normal direction of the indenter surface and the vertical nanoline.
Consequently, the critical friction coefficient is: 
